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Abstract 
The emergence of the fields of wearable devices, e-textiles and smart packaging brings new requirements on 
electronics and sensing systems. One or a combination of the following properties can be desired for their proper 
operation and to meet the functionalities required by the application in order to improve market penetration. Very 
low-cost, thin, large area, lightweight, flexibility, conformability, transparency, stretchability are some of the 
characteristics that can be offered by making sensors on polymeric foil. We propose printing processes for the 
fabrication of these devices to mainly reduce their production cost and to improve the environmental friendliness of 
their manufacturing. In this communication, we discuss the benefits, drawbacks, potential, and challenges of printing 
sensors on plastic substrates illustrated with some examples of technical developments performed in our laboratory. 
We present environmental sensors fabricated on plastic foil and the associated flexible encapsulation method at the 
foil level. Integration of printed sensing devices on smart RFID tags is also discussed. By using thin polymeric 
substrates, very small bending radius of curvature can be achieved. Besides the challenges linked to the large area 
printing of the sensing devices on flexible foil and the reliability of these devices under mechanical cycling, new 
developments are required on the interconnectivity of these devices with other electronics components to achieve 
efficient system integration.  
 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
The MEMS industry based on silicon technology has led in the last decade to a new generation of 
performing microfabricated devices for sensing and actuating applications. CMOS integration and new 
packaging schemes have enable the realization of sensing modules with a small form factor at low-cost 
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and a penetration of the MEMS devices in the high volume consumer goods market. The silicon MEMS 
industry presents several interests for sensing systems manufacturers, such as reduced size, cost and high 
volume manufacturing capabilities. But the highest one in the coming years comes probably from its 
strong link to the well established and robust semiconductor industry, with the potential to integrate the 
MEMS devices and the electronic circuitry together in close proximity, on the same chip or using now 3D 
integration technologies (such as Through Silicon Vias - TSVs). This is paving a way to the emergence of 
smart systems combining different features such as sensing, actuating, signal processing, communicating 
and powering capabilities [1].  
But for some fields of application, for example in the logistics sector, the monitoring of goods demands 
an extreme reduction of the cost of the sensing technologies (at the system level). Some new applications 
are also emerging in the fields of wearable devices, e-textiles and smart packaging. One or a combination 
of the following characteristics can be desired: Very low-cost, thin, large area, lightweight, flexibility, 
conformability, transparency, and even stretchability. Using silicon technologies, some limitations will 
definitely show up and to realize flexible systems the method used will be to integrate the silicon chips, 
with the option to thin it down as well, on a flexible printed circuit board. This can be achieved for 
instance using a system in foil approach [2-4]. Other ways to integrate sensors on a RFID tag were 
demonstrated with the implementation of temperature sensors directly in the silicon RFID chip or the 
specific coating of the antenna with sensing layers, physical and chemical [5,6]. The EU FP7 project 
INTERFLEX involving some leading MEMS industries (Bosch, ST-Microelectronics) targets the 
development and standardization of interconnects within flexible foil systems: On-foil connections of 
different components on a single substrate and interconnection of several functional foils into a system. 
This is also the current approach followed by the RFID industry with some products offering sensing 
features coming up on the market. This involves an assembly step to fix the silicon chip on the plastic 
substrate and it can limit the flexibility of the system as well.  
Besides eliminating these two drawbacks, processing sensors on flexible plastic foil brings also the 
potential advantage of a significant reduction of the production cost of these devices. Even to go a step 
further in that direction, processing RFID and sensing devices on paper have been individually reported 
[7-9]. The cost of production is not only minimized by using a cheaper substrate, but can also be 
minimized by changing the production methods from the conventional thin-film processes used in the 
microelectronics industry to printing processes used in the large area manufacturing industry (printed 
media).  
In the following sections, we will present advantages, drawbacks and challenges related to the use of 
printing technologies to fabricate sensors. We will also present some of the ongoing activities in that field 
as well as our developments on the printing of environmental sensors on plastic foil, with a focus here on 
their integration in RFID tags and e-textile. 
2. Printed sensors on plastic substrates 
Printed electronics industry has developed a number of processes and substrates materials to print 
devices at low cost. Polymeric substrates commonly used in this industry are mainly polyethylene 
terephthalate (PET), polyethylene naphthalate (PEN), and polyimide (PI). Fabricating devices on 
polymeric substrates using printing technologies can allow a decrease of the production cost due to a 
reduction of the infrastructure needed, a decrease in the number of processing steps, and processing using 
additives processes (with the deposition of material only where required) and at low temperature (below 
400°C on polyimide below 150-200°C for PET and PEN). Schematic drawings of typical printing 
processes that can be used to functionalize plastic foil are presented in figure 1. 
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Fig. 1. Schematic views of an arbitrary additive fabrication process for the realization of sensors on plastic foil: (a) Screen printing 
of the contact pads; (b) Gravure printing of the electrodes; (c) Inkjet printing of a functional layer on top of the electrodes. 
 
In general printed electronics devices are more suitable for low-end applications requiring a minimum 
of performance and limited lifetime compared to silicon technology. Some of the challenges of using 
printing technologies to fabricate devices on plastic substrates compared to using microelectronics and 
MEMS processes are listed below. Depending on the type of device to be printed, the materials and 
substrate used, the area of the device and the volume of production, some of these parameters become 
more critical than others and R&D efforts are still ongoing to solve them. 
Sensor design 
- Proof of sensing principle on plastic foil 
- Limited line width: typically 20 to 50 μm, down to 5 μm in some cases 
- Limitations in printable materials available 
Processing 
- Materials inks formulation 
- Foil level / printing compatible processes 
- Temperature limitations 
- Multi-sensor processing: alignment and inks/solvents compatibility 
- Encapsulation, packaging 
- Characterization during and after processing 
- Chips separation and handling 
Operation 
- Stability over time 
- Reliability: exposure to the environment, mechanical stress, delamination 
A certain number of sensing devices have been reported utilizing different types of substrates, 
materials and processes. Hybrid fabrication technologies involving the combination of organic and 
inorganic materials as well as the use of both conventional microelectronics and printed processes have 
been considered in most cases. Different works on the evaluation or development of nanomaterials have 
also been published.  
Due to the restricted length of this proceedings paper, it will not be possible to thoroughly address 
these developments. Physical and chemical sensors have been realized on plastic foil: strain and force 
sensors, capacitive touch sensors, temperature sensors, accelerometers, pressure sensors, photodetectors, 
optical chemical sensors integrating light source and detectors, biosensors, ion sensitive field-effect 
transistors, humidity, gas sensors, lab-on-chip, etc [10,11]. 
At EPFL-IMT SAMLAB, we are working for a few years on the development of environmental 
sensors on flexible substrates, mainly plastic but also paper. We are aiming at developing a set of physical 
(temperature, light, pressure, acceleration/shock) and chemical (humidity and gases) sensors covering a 
range of applications in the transport of fragile and perishable goods [4]. Our first realizations were 
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humidity and gas sensors on plastic foil [11], some of them in collaboration with other European 
academic partners, with examples of the devices presented in figure 2.  
 
 
 
 
 
 
 
 
           (a)               (b)                  (c) 
Fig. 2. (a) Drop coated metal-oxide (SnO2) gas sensor made on polyimide substrate using platinum as heater and electrodes and 
polyimide as inter-dielectric; (b) Inkjet printed colorimetric film on PET foil used as optical waveguide with the optical components 
assembled on the foil and molded polymeric micro-mirrors ensuring the light coupling; (c) Capacitive differential sensor made on 
polyimide foil with temperature sensor (RTD), the device consists in one level of metallization (Pt, Au) and a sensing layer. 
 
We have demonstrated the integration of metal-oxide gas sensors on polyimide substrate as shown in 
figure 1a. The miniaturization of a drop-coated metal-oxide device (down to 15μm) has been achieved 
and a proper operation at a constant temperature of 200°C for several months and for more than a year for 
the heating transducers [12]. In collaboration with the Fraunhofer-IPM in Freiburg, Germany, we have 
developed an inkjet printed colorimetric sensors on PET and PEN with a limit detection for NH3 in the 
sub-ppm range (Figure 2b). The foil was used as an optical waveguide and the gas sensitive colorimetric 
film was printed on it. The surface mount device (SMD) light emitting diode and the photodetectors were 
fixed on the foil to complete the device [13]. We are reporting at the same event on a colorimetric film for 
CO detection as well [14]. And finally, due to its low-power consumption and simplicity of fabrication, 
the most interesting device for an implementation in a RFID tag is a differential capacitive sensors 
(capacitance value of ~10 pF) with integrated resistive temperature sensor (~1 kȍ) made on polyimide 
(Figure 1c) [15]. Recently, the very good operation of this capacitive device on PET substrate has been 
also demonstrated [16]. 
3. Environmental sensors for smart RFID tags and e-textile 
Our vision is to go towards the direct integration of the environmental sensors on a flexible plastic 
(PET) RFID tags using as much as possible printing processes, for the sensors but also for the other 
components (interconnections, antenna), with the RFID interface and the read-out electronics on silicon 
chips. The concept is depicted in figure 3a in which sensors, antenna and silicon electronics are 
represented. We are a partner in the European project FlexSmell, “Gas sensors on flexible substrates for 
wireless applications” working on all printed sensors for the integration on RFID tags for smart 
packaging. Smart monitoring RFID labels to be deployed in the logistics of fragile and perishable goods 
will be used in applicative scenarios having duration of few weeks. This is therefore far less demanding 
than other markets such as the automotive or building indoor air quality monitoring for which several 
years are required.  Operation of our sensors technology has already been demonstrated on time periods 
of few months and would perfectly fit in logistics applications. 
Our first step during collaboration with the HES-SO Valais in Switzerland was the hybrid 
implementation of the differential capacitive humidity sensor and resistive temperature sensors on a RFID 
tag made of discrete components on a FR4 substrate (Figure 3b) [4]. The tag implemented a RFID 
protocol of communication ISO 15693. The components were a RFID chip from Microchip (IDS-
50 μm
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SL13A), a microcontroller from TI (MSP430), a C-V converter from Analog Devices (AD7150) for the 
capacitive read-out. The temperature sensor, mounted in a voltage divider configuration was interfaced 
with the microcontroller on a port ADC (Analog to Digital Converter) of 10 bits (resolution of 0.5°C). 
The communication between the RFID chip and the microcontroller was performed via a SPI interface 
while the one with the AD7150 was made using an I2C interface. Remote RF (13.56 MHz) powering at 
short distance of the sensors was demonstrated (passive tag) and data logging with an on-board battery 
(semi-passive tag) was also successfully implemented. Now the main goal of the FlexSmell project is to 
print the sensors directly on flexible tags using large area manufacturing processes (gravure, flexography, 
screen or inkjet printing). 
 
 
 
(a) (b)  
Fig. 3. (a) Schematic drawing of the components composing a flexible RFID tag, withensors, antenna, electrical interconnects and 
electronics components; (b) Picture of the  RFID tag on FR4 substrate with the antenna, the discrete electronics components, the 
button battery and the hybrid integration of the capacitive humidity sensor and resistive temperature sensor made on a PI foil. 
 
Going towards that direction, we have shown during the first half of the year 2011 an integrated 
printed humidity and temperature sensors (Figure 4) [9,17]. The device is based on the inkjet printing of 
interdigitated silver electrodes (Capacitance of ~5 pF) or meander-shape resistors (~150 ȍ) on PET, PEN 
or paper substrates (70 to 100 μm in resolution). 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) Schematic drawing of the layout of a printed capacitive gas sensor and a resistive detector on a plastic foil; (b) Pictures of 
the realized devices by ink-jet printing of silver followed by elecrodeposition, the interdigated electrodes (bottom) and the meander-
shape resistor (top), with a Ziff connector for electrical measurements . 
 
5 mm
(a) (b) 
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Inkjet of silver was performed using a Dimatix DMP-2800 printer followed by a curing at 150°C. The 
silver lines has a thickness in between 0.2 and 1 μm-thick and an electrical resistivity of 30 to 100 μȍFP
depending on the process parameters and the substrate used. Electrodes are then “passivated” with an 
electrodeposited metal film (Ni) (thin film up to several micrometers) or with a parylene film (~2 μm). 
Both films are essential for obtaining a stable resistive temperature detector. Nickel provides a much 
higher TCR (4.3 u10-3 rC-1 compared to 1.10 u10-3 rC-1 for silver), and improves the stability of the silver 
electrodes in presence of humidity. The humidity, or other gas sensing layers, can then be deposited by 
screen or inkjet printing or spray coating. More results and information on these developments can be 
found in the two following references [17]. We are at the moment assessing the flexibility of these 
devices by performing some static and dynamic bending cycles, evaluating the mechanical reliability and 
also the effect of the radius of curvature on the sensors electrical values. 
Another point we are addressing is the encapsulation of these devices using processes compatible with 
large area manufacturing. To do so, we have developed an encapsulation technique for gas sensors on 
plastic foil based on the patterning and lamination of a dry foil photoresist (PerMX 3050, 50 μm- thick) 
on top of which is laminated a gas permeable Teflon based membrane (123 μm- thick) [14,18]. The 
process parameters are being optimized with a lamination of the dry foil on plastic substrates at a 
temperature as low as 85°C, adhesion being improved with a longer curing time. Adhesion tests (ASTM 
F1842 and D1876) are being performed after using different temperature profiles for the dry photoresist, 
in order to decrease the chances of layer’s delamination. The highest measured average adhesion, 
0.26N/mm which is comparable to average adhesion of adhesive tapes on metals, was found when 
laminating dry photoresist on PET substrates [19]. 
Mechanical reliability and flexibility of the dry foil is also being assessed. Static mechanical bending 
of a fully processed dry photoresist was performed, testing radius of curvature down to 200 μm without 
any change in its mechanical properties. Actually, it was noticed that it can withstand folding without 
breaking. Figure xx shows the mechanical bending set-up used to evaluate the flexibility of polymer films 
and reach relatively small radii of curvature due to the positioning of the parallel plates. Dry photoresist 
with a radius of curvature of 700um and 200um is shown in figure xxa and xxb respectively. 
A useful technique to protect the sensor from the environment is to cover it with a porous Teflon 
membrane. Due to the non-reactivity presented by Teflon compounds is challenging to bond it to other 
surfaces. Two methods have been developed to fix on top of the dry foil rim surrounding the gas sensor 
the Teflon membrane, direct bonding on the dry foil or using a laser-ablated dry adhesive sheet which is 
optimal to bond low energy surfaces, more information being provided in ref. [18]. 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) Mechanical bending set-up for polymer films, showing PerMX3050 with a radius of curvature of 700 μm; (b) Side view 
of PerMX3050 photoresist with a radius of curvature of 200 μm; (c) Top view of PerMX3050 photoresist with a radius of curvature 
of 200 μm. 
 
Moreover, this encapsulation process was applied to the protection of chemical capacitive gas sensors 
fabricated on plastic stripes during their weaving into textile (Figure 6). This was realized in collaboration 
800um 800um 
800um 
(a) (b) (c) 
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with the group of Prof. Tröster at ETH Zurich in Switzerland which has developed a method to integrate 
electronics components into textile by inserting plastic stripes besides standard fibers to form the textile. 
Sensors protection was achieved during the polyimide stripes separation using dicing and during the 
weaving process of the functionalized stripes. Bending radii in textiles can be as small as 165 ȝm during 
weaving. The proper sensors operation has been demonstrated after weaving [18]. Wash ability still needs 
to be assessed. 
 
Fig. 6. (a) 3D depiction of the multilayer sensor structure and the active area coated with the sensing polymer. (b) Pictograph of the 
woven gas sensors with and without the Teflon capping layer. 
 
One of the main issue to be addressed when producing and printing sensors on flexible plastic 
substrates is their interface with other printed or conventional components or with standard PCBs. One 
can print million of sensors at high speed using roll to roll processes (hundreds of meter/s) but the 
advantages of printing can be lost if these devices need to be transferred to other substrates or PCBs using 
a non cost-effective methods. Interconnections of printed devices to printed devices or printing devices to 
silicon devices, assembling and interconnections of printed devices or silicon devices on flexible plastic 
substrates (FlexPCB for instance) are topics in which R&D is strongly required. However, due to the 
variety and lack of standards in the printed electronics industry, the development of generic methods for 
heterogeneous co-integration of these different types of components is a real challenge.  
4. Conclusion 
There are real interests in producing sensors on plastic foil using large area manufacturing techniques. 
There is a strong potential for cost reduction but interfacing these devices with other components (CMOS 
chips, PCBs) raises some cost issues and can hinder this benefit. Their integration on RFID tags seems 
the first path to move forward since these systems are wirelessly operated and direct printing of sensors 
on the tags can suppress one or more silicon sensor chips assembling step. Moreover, the cost is the main 
driver for market acceptance and there is a very good potential for large volume production, with strong 
applications in the logistics field. Investigations and research are still necessary to access how 
mechanically reliable printed devices can behave when submitted to dynamic bending cycles and how 
flexible the different technologies can be. For enhanced flexibility, minimizing the number of silicon 
chips assembled on the plastic substrate, going towards all polymeric approach for the sensors when 
possible, and using nanostructured materials and stretchable substrates can be envisaged. Besides 
flexibility, another point that was not addressed here but is also of interest for the future is that the 
proposed technology can also enable the realization of transparent sensors. 
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